Abstract-Micrometeorological measurements in the atmospheric boundary layer over a hilly forest terrain have been made on a meteorological tower at several levels from the forest canopy top to a height that exceeds the height of trees almost seven times. A semiempirical length scale depending on the local topography features and the underlying surface type has been proposed and calculated. This scale has been shown to allow the universal functions of the Monin-Obukhov similarity theory to be corrected for a stable atmospheric boundary layer over complex terrain without substantial modification when compared to the universal functions over a homogeneous surface with small roughness elements. This approach can be used to refine the methods for calculating turbulent momentum fluxes from profile measurements over spatially inhomogeneous landscapes.
1. INTRODUCTION Present-day methods for determining the parameters of turbulent exchange between the Earth's surface and the atmosphere use theories that hypothesize stationarity and homogeneity. The traditional parametrizations in atmospheric modeling and energy-balance and biogeochemical calculations are based on the Monin-Obukhov similarity theory (MOST) [1] , which assumes an underlying surface with a uniform horizontal distribution of aerodynamic and temperature roughness and turbulent flows [2] . The MOST has been experimentally verified for homogeneous and quasi-homogeneous surfaces since its introduction, which can be confirmed by hundreds of relevant references [for example, [3] [4] [5] [6] [7] [8] [9] . Significantly fewer experimental data have been collected over complex terrains. The conditions of statistical stationarity and uniformity are broken for inhomogeneous landscapes and surfaces with large roughness elements. The assumption that the vertical turbulent fluxes of heat, moisture, and momentum are height-invariant is likewise broken [10, 11] .
There has been increased recent interest in the study of energy and mass exchange over the forest canopy. This is largely associated with the study of the biogeochemical cycle, i.e., the processes of momentum, heat, and matter exchange between the atmosphere and vegetation [12] . In view of the strong dependence of heat, carbon dioxide, and water-vapor transfer on environmental conditions; the species composition and structure of vegetation; and the biophysical and biochemical processes occurring in plants and soil, one can regard the turbulent exchange as an indicator of the state, development, and growth of plants [13] . Studies of the structure of atmospheric turbulence in forests and over forest canopy are needed not only for analyzing the biospheric processes and using them adequately in models of global climate changes [14] , but also for calculating the transport of aerosols and gaseous admixtures [15] , forecasting adverse weather phenomena [16] , developing analytical and numerical models of the atmospheric boundary layer dynamics [6] , and advancing windpower engineering [17] .
Experimental studies have shown that, due to the absence of a constant flux layer over the forest, the traditional flux-gradient relationships cannot be used [18] . The motions associated with organized turbulence play an important role in turbulent exchange both inside and above the forest [19] : emerging coherent structures generate an additional contribution of energy to the flux spectra and cospectra in the surface layer [20] . The stable boundary layers typical for nighttime hours in tropical and middle latitudes and for winter in polar and circumpolar regions are characterized by the formation of coherent structures with a significant effect on turbulent transfer. The turbulence over the forest under stable stratification was discussed, for example, in [21] [22] [23] ; however, these studies considered mostly nighttime boundary layers. There have been almost no studies for boreal forests with long-lived stable boundary layers during the winter period.
The studies addressing the theory of turbulent transfer inside and above the forest were largely focused on the homogeneous vegetation cover on a flat surface [24] [25] [26] [27] . In nonideal, but more realistic, conditions (such as a forest with lakes and meadows, nonuniform tree height and density, complex terrain, and patchy vegetation), the exchange processes become even more complex [28] . The influence of the vegetation cover inhomogeneity on turbulent exchange and turbulent motion is mostly analyzed using approaches that are based on analytical and numerical modeling. For example, an analytical model of wind flow inside and above the vegetation cover with a weakly varying vegetation density was developed in [29] .
Our study uses data from micrometeorological measurements at the meteorological tower of the SMEAR II station (Hyytiälä, Southern Finland) [30] . The terrain near the station includes low hills covered with coniferous forest. The measurements were made at several levels: the first was located near the topmost of trees and the higher level was located at a height that was slightly lower than the stable boundary layer height under given conditions. The main objective of this paper is to find the regularities of turbulent momentum exchange under stable stratification over complex terrain in terms of the similarity theory.
STABLE ATMOSPHERIC BOUNDARY LAYER OVER UNDERLYING SURFACE WITH LARGE ROUGHNESS ELEMENTS
Due to self-similarity and a relatively small effect of molecular viscosity and thermal conductivity on the thermodynamics of turbulent flow in a horizontally homogeneous surface layer, there are universal dependences of dimensionless statistical characteristics of stratified turbulence on the stability parameter ζ = κz/L. Here, z is the height; L = is the Obukhov length scale, which depends on dynamic velocity and buoyancy flux near the surface; and κ = 0.4 is von Kármán's constant. The Monin-Obukhov similarity theory involves semiempirical functions that associate the momentum, heat, moisture and any other passive scalar fluxes with vertical gradients of respective averaged quantities. These universal functions are normally 3 * b U F * U used to calculate the turbulent surface flows in atmospheric models with the help of the gradient or profile method that requires data only on the average wind speed and other scalars measured at two or more levels.
For a weakly stable (L > z) and moderately stable stratification (L ∼ z), the dimensionless gradient of mean wind speed is approximated by the linear relationship [31] (1)
where ⟨U⟩ is the upstream mean wind speed and C m ≈ 5 is an empirical coefficient.
The MOST assumes that the roughness layer thickness is negligibly small in comparison with the measurement height z and the turbulent fluxes in the surface layer are constant with respect to height. In an equilibrium stable atmospheric boundary layer (ABL) of thickness H ∼ 10 1 -10 2 m, this approximation is valid only at the Earth's surface, because the turbulent fluxes in the presence of the Coriolis force are distributed in height as follows [32] : (2) Here, τ(z) = (〈u'w'〉,〈 〉) is the vertical turbulent momentum flux normalized to air density, F b (z) = 〈b'w'〉 is the buoyancy flux associated with temperature fluctuations T′ under given conditions (at low air humidity and near the surface) as , T 0 is the average air temperature, and the angle brackets mean statistical averaging (in our case, ergodicity was assumed, and the measurement data were averaged over 30-min time intervals). It is empirically found (see, for example, [33] ) that, without any loss of accuracy, one can replace the surface friction velocity and the buoyancy surface flux in formula (1) by their values at the measurement level. In addition, the aerodynamic properties of surfaces with large roughness elements are commonly characterized by two parameters with the dimension of length: the roughness parameter z 0 and the displacement height D. A widespread approximation for the flux-gradient relationship in a stable ABL over this kind of surface (for example, over forest canopy or urban surface) has the form [34] (3)
where , a(γ) = const ≈ 1, and and are the dynamic velocity and Obukhov length scale at the measurement height z, respectively (by contrast, and L denote the same quantities near the surface). Relation (3) is valid in a larger height range (up to almost half the ABL height) than the original formula of (1) of the MOST and does not depend on the type of turbulent flux profiles caused by a large-scale height-distributed external dynamic influence [35] . Formula (3) cannot be used under conditions in the immediate vicinity of roughness elements if the vertical scale of topographic inhomogeneities is comparable with (z − D) and/or if the layer of roughness elements is arranged so that the structure of turbulence above it differs significantly from that in a shear flow over a flat wall. The latter case can be exemplified by turbulence over sparse vegetation, which, according to numerical calculations [36] and measurement data [37] , shows a tendency for the formation of large coherent vortices; in turn, this leads to a specific form of the observed flux-gradient relationships differing from the standard relationships of the similarity theory: a(γ) ≠ const > 1 (see, for example, the laboratory measurements described in [34] ).
For the values of the stability parameter ξ > 2−3, the dimensionless gradient φ m usually decreases in comparison with the values calculated from formula (3) (see, for example, [33] ). A spectral analysis of the results of an LES simulation of a stable ABL over an urban-type surface indicated that this decrease is caused by large eddies of the scale of the total boundary layer thickness [38] . The relative contribution of these eddies to the vertical momentum transfer is maximal in the upper ABL, where they provide a more efficient mixing than the locally generated shear turbulence. Here, we use the conclusions drawn in [38] to explain data for the highest measurement level, which is mostly located in the upper ABL.
There is a practical need to interpret and assimilate meteorological and micrometeorological observations at towers surrounded by a natural spatially inhomogeneous landscape with a unique topography and vegetation cover. It is not easy to find generalizing regularities for these measurements and introduce analytical corrections to the MOST on their basis; this is beyond the scope of our study. On the contrary, we consider the results of micrometeorological measurements in a given landscape that cannot be directly generalized. We show the possibility of introducing a correction to functions of type (3) from the conditions of the given landscape. This method is of practical interest when the direct pulsation measurements of turbulent fluxes are rare and cannot cover the whole range of possible stratifications.
THE HYPOTHESIS
The data are analyzed using an assumption similar to A.M. Obukhov's hypothesis that the turbulence scale (or Prandtl's mixing length) l t in the steady-state turbulent flow depends only on the local geometry and is independent of the dynamics of the flow itself [39] . Following this hypothesis, Obukhov used conformal transformations of the cross section of an infinitely extended domain onto the half-plane to obtain turbulent length scales l t and average velocities ⟨u⟩ in neutrally stratified flows between two parallel plates and in square and circular cross-section tubes, which are consistent with measurement data.
We assume that the vegetation and topography specify a unique geometry that determines the base scale of turbulence under neutral stratification. This scale cannot be expressed analytically, but it specifies a flux-gradient relationship and can be calculated from measurement data as follows: (4) Here, ξ b and ξ s are some small thresholds ( ) bounding the range of ABL parameters, where the stratification effect on turbulence is small; the outer angle brackets denote averaging over the whole interval Using (for normalization) the scale instead of the scales that depend on the distance from the surface l t = κz or l t = κ(z − D) and used in the classical theory of a logarithmic surface layer, we assume that the stratification effects manifest themselves universally, independent of the local geometry, which is taken into account only through the scale . Then, the modified dimensionless velocity gradient in the surface layer over the forest (5) like the dimensionless gradients Φ m (ζ) and φ m (ξ) (see relationships (1) and (3), which hold over a flat surface), can be approximated by the linear function (6) with the same value of the coefficient in a wide range of values of the new stability parameter It should be noted that formulas (3) and (6) in terms of turbulence scales can be written as (7) The terms associated with the local geometry of stratification are independent terms in expressions (7). Our hypothesis is reduced to the supposition that for turbulent flows over different surface types (including a statistically homogeneous surface with
is not a function of the parameters that govern the aerodynamic properties of these surfaces and remains constant in the lower part of the stable ABL.
CORRECTION OF THE GRADIENT OF MEAN VELOCITY NEAR THE UPPER ABL LAYER
Another factor complicating the analysis and interpretation of measurement data at upper levels is the proximity of these levels to the upper ABL boundary, where, as was noted in the Introduction, local scaling is not justified due to the presence of large eddies. Here, the ABL height varies for different stratifications and the dependence of the base scale on it cannot be determined by the method described above.
Let the dimensionless gradient Φ m under neutral stratification in the ABL of any height H be close to the averaged dimensionless velocity gradient calculated from the ensemble of measurement data with neutral stratification. Let us introduce an average length scale that is similar to κz in formula (1) but takes into account the effect of topography and vegetation cover: (8) where the outer angle brackets denote averaging over a sample of data with neutral stratification.
Then, the base scale of turbulence (the scale induced by topography, vegetation, and the limited height of the surface layer) can be approximated as (9) where is the dynamic velocity at the height of the measurement level z 1 that is closest to the surface.
We generate the following length scales
The scale is associated with surface fluxes, includes a correction for the effect of topography and vegetation cover, and is responsible for large eddies with dimensions that are comparable to the height z. The scale takes the local values of buoyancy and momentum fluxes into account, is associated with small-scale shear turbulence generated at the height of measurements, and includes also the correction associated with the unique landscape structure. Without buoyancy forces, both scales are equal to the scale , which allows the dimensionless gradient Φ m to be close to the gradient averaged over a sample of data with neutral stratification. It follows from (10) that the
scales in a steady-state equilibrium stable ABL are related as . Since buoyancy flux (2) in this ABL is linear in the absence of internal heat and moisture sources distributed in its depth, we can approximate the introduced length scales as (11) where is the dimensionless height. Here, the introduced length scales do not explicitly depend on the Obukhov length scale away from the surface Λ(z). We can further approximate using power-law dependence (2) of the momentum flux magnitude on height:
The results of numerical experiments using an LES model [40] revealed that with good accuracy, where c is a constant, and is the weighted-mean wavenumber with respect to the cospectrum C uw . Given the processes contributing to the turbulent momentum flux are multiscale, it makes sense to approximate the total turbulent scale l t by interpolating several length scales with respective weight coefficients (an approximation of the abovementioned integral).
We use this technique to obtain the final expression for the turbulence scale: (13) Only one constant C is left in formula (13) , because the required scale near the surface must coincide with the scale , which takes into account only the surface properties not depending on the stratification and ABL height.
The study [38] obtained C ≈ 5 and showed that the approximation similar to formula (13) (except the corrections introduced here for the effect of topography and vegetation) gives the flux-gradient relationship for different external inf luences supporting quasi-equilibrium turbulence in a stable ABL. Now, we check the assumptions on the measurement data available from the SMEAR II station. If the assumptions are valid, the following results should be obtained: 
Here, is the base turbulence scale and is the turbulence scale that takes the ABL stratification and height into account.
It should be noted that now the function is already nonuniversal and depends on both the stability parameter and the dimensionless height . In the lower ABL, this dependence is weak: at lower levels, the gradients calculated by formulas (15) and (6) (6) . It is this behavior of the dimensionless velocity gradient that can be usually observed for locally scaled observation data [33] .
PRELIMINARY CHOICE OF OBSERVATION DATA
We used monitoring data on the characteristics of atmospheric turbulence at different levels of the 127-m tower located at the SMEAR II research station (Station for Measuring Ecosystem-Atmosphere Relations, Hyytiälä, Finland, 24°17′13″ E, 61°51′5″ N). The tower is surrounded by a hilly terrain covered with pine forest [41] . The average height above sea level is 180 m. The average tree height h is approximately 18 m, and the topography height differences do not exceed the tree height [42] . The vegetation in a radius of 200 m from the tower is uniform; the buildings of the Hyytiälä scientific station and the small lake Kuivajärvi are 400 m away [43] . Multilevel continuous measurements of the concentrations of atmospheric gases and energy-and gas-exchange components in the atmosphere-biosphere system have been made on the tower since 1996 within the Fluxnet network [44] . Our analysis was done for the 2015-2016 winter period from November 5, 2015, to March 3, 2016, i.e., in the presence of a snow cover, when a stable boundary layer is most likely to exist.
We used data of micrometeorological measurements of the three components of wind speed and temperature at the heights z = 23, 67, and 125 m obtained by three-component ultrasonic anemometers (Solent Research 1012R2, Gill Instruments Ltd., Lymington, Hampshire, United Kingdom, at 23 m and USA-1, Metek GmbH, Elmshorn, Germany, at 67 and 125 m). The primary measurement data at levels of 67 and 125 m were processed at a frequency of 10 Hz. The mean wind speed and turbulent fluxes at these levels were calculated with averaging over 30-min intervals. At the level of 23 m, we used the calculated statistical turbu-
lence parameters that are freely available in the Smart-SMEAR database (https://avaa.tdata.fi/web/smart/ smear/). This database was also used for wind-speed values at z = 16.8 and 33.6 m. All data for unstable stratification (ζ < 0) were excluded from the chosen dataset. Our calculations of turbulent exchange characteristics and the calculations presented on the site were based on the same software (EddyUH) [45] ; i.e. the raw data prcessing was the same.
In the estimates given below, it is assumed that D = according to the value for a coniferous forest [46] .
To estimate the height H of a stable and neutral ABL, we used time intervals where the turbulent characteristics are known near z = 23 m and at least at one of the levels z = 67 m or z = 125 m. The ABL height was estimated in two ways using formulas (2): by a linear extrapolation of heat flux (estimate of the ABL height H F ) and a linear extrapolation of the function |τ| 2/3 (estimate of the height H τ ). For the periods where the values of F t and τ are known at three levels, the required line was found by the least squares method. For coefficients of determination with R 2 < 0.8, the data were discarded. For the intervals where the fluxes are determined only at two levels, the line was drawn through two points; in this case, the data were assumed to be excluded from further analysis if the height estimate exceeded 2000 m. In addition, the cases when the absolute values of fluxes increased with height were excluded. The final expression for determining the ABL height was . Here, the cases when the values of H F and H τ significantly differed from one another were additionally excluded from the dataset:
.
The average ABL height ⟨H⟩ under stable stratification for all chosen data was almost 280 m. On some 30-min intervals, the estimate for H turned out to be below the upper measurement level z = 125 m: these data were also excluded from analysis.
This sample allowed us to automatically exclude the certainly false data that contain unrealistic values of heat and momentum fluxes, which appeared to be associated with instrumental errors.
The vertical gradients of mean wind speed were calculated after approximating each profile by the logarithmic curve ⟨u⟩ = a + bln(c + z), where a, b, and c are constants determined by the least squares method. The vertical gradient of the mean horizontal wind speed for each level z k was calculated as d ⟨u⟩/dz = b/(c + z k ). It should be noted that the upper measurement level z = 125 m was almost always in the upper ABL. For this level, a decrease in the dimensionless gradients and should be expected in comparison with the values given by universal functions (6) and (3).
Verification of the Hypothesis that the Stratification Effect on the Profile of Mean Velocity over Inhomogeneous Landscape is Universal
The dimensionless gradient of mean wind speed φ m at three levels (z 1 = 23 m, z 2 = 67 m, and z 3 = 125 m) as a function of the stability parameter ξ = κ(z k -D)/Λ is shown in Figs. 1a-1c . The dots denote measurement data and the solid curves were obtained by the least squares method: the dataset at each height matches its own linear dependence f k (ξ) = a k + b k ξ. It can be seen that a k and b k are not universal and can significantly differ from the expected values a = 1 and b = C m = 5.
The coefficient a k differs from unity at all levels. This means that the turbulence over the given surface is specific in comparison with the turbulence over landscapes with small roughness elements.
For the first two levels, coefficients b k are close to the value of C m = 5. The differences from this value are insignificant due to the large scatter of data, the inaccuracy in determining the mean velocity gradient, and the limited amount of data in the sample. This finding does not contradict the hypothesis proposed in Section 3.
It should be noted that b ≈ 3 < 5 for the upper level. This testifies that the turbulence scale increases in comparison with the scale determined by the local conditions of its generation and suppression by buoyancy forces. This effect can be explained by the presence of large eddies of nonlocal origin.
The empirical scale (see formula (4)) was found by identifying the segments of neutral stratification with a stability parameter ξ not exceeding the following thresholds for different levels: ξ < 10 −2 (z = z 1 = 23 m), ξ < 10 −1.5 (z = z 2 = 67 m), and ξ < 10 The empirical scale significantly differs from κ(z − D), which is traditionally taken as a turbulence scale for neutral stratification according to formula (3) . Here, this scale near the tree tops turns out to exceed κ(z − D), which indicates the presence of relatively large eddies and is consistent with the conclusions drawn in [34, 36, 37] .
Thus, topography and vegetation have a significant effect on the profile of mean wind speed in the ABL. This can be regarded as an effect that is independent of the influence of stratification. Primarily, the velocity gradient changes under nearly neutral conditions. Otherwise, the features of stable boundary layer over forest are similar to the features of the ABL over a homogeneous surface with small roughness elements.
The dimensionless gradient calculated from observation data using normalization to the empirical length scale as a function of the stability parameter . It should be noted that the values of this function are highly scattered, which is especially significant for large values of ξ' and for the levels that are located away from the surface. The next section shows that this scatter is caused not only by instrumental errors and ABL nonstationarity, but also by the fact that there is no universal dependence of on the single dimensionless parameter ξ'. 
Normalization to the Turbulence Scale
The dimensionless gradients calculated from measurement data using the normalization to the scale (formulas (8)- (13) ) are shown in Figs. 1d-1f . For all measurement levels, the values of this function are in the vicinity of the lines ≈ const ≈ 1. The mean values of are shown by straight lines that are parallel to the abscissa axis. It should be noted that, in addition to reducing the dimensionless velocity gradient to a universal form, the above-described nondimensionalization decreases the number of vertically scattered points, i.e., reduces the uncertainty in calculating the gradient for a given value of ξ' due to the dependence on the dimensionless height σ.
The effect of the correction taking into account the ABL height and introduced with the help of the scale can be clearly demonstrated in Figs. 2b and 2c, which show not only the dimensionless velocity gradient calculated directly from observation data (light circles), but also its estimate obtained from formula (15) (asterisks). At the level z 1 (Fig. 2a) , this estimate is not given because the scales at σ = 0 are bound by the relationship and the correction is not operational. Estimate (15) of the dimensionless gradient at all levels is within the data scatter. It can be seen that the scatter for this estimate at upper levels is comparable with the scatter of measured values of . The fact that (or φ m (z/Λ), which is analogous to it over a homogeneous surface) is not a universal function is caused by the fact that the measurements for equal values of the stability parameter ξ' can be made both near and away from the upper boundary of the ABL. In this case, the relative contribution of large eddies to the total momentum transfer along the vertical can vary significantly, which leads to a changed form of the mean wind velocity profile.
CONCLUSIONS
Micrometeorological measurements of temperature and wind speed in the ABL over a hilly surface covered with forest vegetation have been analyzed. The applicability of standard approaches to the construction of universal dependencies of the MoninObukhov similarity theory under stable and neutral stratification has been checked. An analysis of measurements under neutral stratification has shown that the approximation of the turbulent length scale by a linear dependence on height with a given displacement height is a very rough approximation.
An empirical base length scale depending on the local topography features and the underlying surface type has been proposed and calculated. This scale has been shown to allow the universal functions to be corrected for a stably stratified surface layer without sub- m stantial modification, compared to the universal functions over a homogeneous surface with small roughness elements. We have assumed that the nonlocal momentum transfer by large eddies is significant in the upper ABL. This assumption has been used to propose and verify a semiempirical nonuniversal parametrization of a fluxgradient relationship, taking into account the effect of topography, the features of vegetation cover, and the ABL height.
One disadvantage of this parameterization is that it requires the ABL height estimation for calculating the dimensionless velocity gradient and using the results of the preliminary analysis of microveteorological measurements under neutral stratification to calculate the profile of the base length scale. To find generalizing regularities for surfaces that are similar in topography and vegetation cover, it is necessary to analyze the data obtained at different meteorological towers (we plan to do this in the future).
Knowing the distribution of the empirical length scale over the Earth's surface or specifying this scale according to the surface types along with the roughness parameter z 0 , one can introduce an adequate correction to calculate near-surface turbulent fluxes in atmospheric circulation models. This requires a verification of similar approximations of flux-gradient relationships for scalars (air temperature and humidity). In addition, the calculation of friction stress on the surface requires that the Ekman wind drift be taken into account. This is important for the parametrization of the land-atmosphere interaction under strong stability, when the height of lower reference levels in general atmospheric circulation models significantly exceeds the height of the constant flux layer and turns out to be comparable with the total ABL thickness. The authors of this paper plan to develop methods of this type and verify them against observational data in the nearest future.
In addition, there is a need to verify a similar approach for a convective-unstable surface layer, where the universal functions of dimensionless gradients are nonlinear and the replacement of the scale z by a new empirical length scale cannot be easily justified. 
